Actin and actin-binding proteins are incorporated into HIV-1 particles, and F-actin has been suggested to bind the NC domain in HIV-1 Gag. Furthermore, F-actin has been frequently observed in the vicinity of HIV-1 budding sites by cryo-electron tomography (cET). Filamentous structures emanating from viral buds and suggested to correspond to actin filaments have been observed by atomic force microscopy. To determine whether the NC domain of Gag is required for actin association with viral buds and for actin incorporation into HIV-1, we performed comparative analyses of virus-like particles (VLPs) obtained by expression of wild-type HIV-1 Gag or a Gag variant where the entire NC domain had been replaced by a dimerizing leucine zipper [Gag(LZ)]. The latter protein yielded efficient production of VLPs with near-wild-type assembly kinetics and size and exhibited a regular immature Gag lattice. Typical HIV-1 budding sites were detected by using cET in cells expressing either Gag or Gag(LZ), and no difference was observed regarding the association of buds with the F-actin network. Furthermore, actin was equally incorporated into wild-type HIV-1 and Gag-or Gag(LZ)-derived VLPs, with less actin per particle observed than had been reported previously. Incorporation appeared to correlate with the relative intracellular actin concentration, suggesting an uptake of cytosol rather than a specific recruitment of actin. Thus, the NC domain in HIV-1 Gag does not appear to have a role in actin recruitment or actin incorporation into HIV-1 particles.
H
IV-1 morphogenesis is driven by the viral Gag polyprotein, whose expression is sufficient for the production of extracellular virus-like particles (VLPs) with a size and protein lattice similar to those of the immature virion (1) . Gag associates with and assembles at the plasma membrane, thereby inducing membrane curvature and bud formation. During assembly, the C-terminal p6 domain of Gag recruits the cellular endosomal sorting complex required for transport (ESCRT), which subsequently mediates abscission of the virus from the cell membrane. Gag is composed of the MA (matrix), CA (capsid), NC (nucleocapsid), and p6 domains, which are proteolytically separated in the nascent virus, leading to morphological maturation. In contrast, VLPs consisting of Gag alone remain immature, as they lack the viral protease (1) . An immature HIV-1 particle or VLP with a diameter of 145 nm contains ϳ2,400 Gag molecules arranged radially in a roughly spherical array with their N termini facing outward and their C termini facing inward (2, 3) . MA is needed for membrane binding, CA mediates lateral protein interactions determining the immature lattice, and NC binds RNA, leading to the incorporation of the viral genome through its packaging signal ⌿ (1, 4).
Many cellular proteins have been implicated in HIV-1 assembly, budding, and release. These include actin and several actinbinding proteins, but the precise role of actin in HIV-1 morpho-genesis, if any, has not been determined so far. Based on its known properties, actin in principle could have positive or negative effects on HIV-1 particle production. First, polymerization of F-actin may aid in bud formation and thus drive virus release, potentially similar to the well-known role of filamentous actin (F-actin) in vaccinia virus spread (5) . Alternatively, or in addition, dense cortical F-actin networks may present a barrier for bud formation, and depolymerization of cortical F-actin may be important for efficient virus formation. Early studies indicated that relatively large amounts of actin are incorporated into retroviral particles, with a 10:1 ratio for CA to actin in HIV-1 (6) (7) (8) , corresponding to roughly 250 molecules of actin per virion. However, actin is one of the most abundant cytoplasmic proteins and is strongly enriched in the cortical region of the cell, and it is not known whether the amount of actin in the virus represents enrichment over its concentration in the vicinity of the budding site. Long-term treatment of HIV-1-infected cells with F-actin-disrupting agents (cytochalasin D or latrunculin B) or with an inhibitor of myosin light chain kinase (wortmannin) resulted in reduced retrovirus production (9) (10) (11) , but it is unclear whether this was due to the blocking of a direct effect of actin on virus formation or to pleiotropic effects on the producer cell due to the prolonged action of the drug. Conversely, shorter treatment of virus-producing cells with actin-depolymerizing drugs appeared to enhance retroviral budding (9) , which would be in line with cortical actin presenting an obstacle for virus formation.
Three reports provided evidence for a direct interaction of the NC domain of HIV-1 Gag with F-actin in vitro using cofractionation and coimmunoprecipitation experiments (8, 12, 13) . Furthermore, Wilk and coauthors (8) performed immunogold labeling experiments, localizing actin to the position of the NC layer in the Gag lattice of immature HIV-1 VLPs. These results suggested a direct interaction of the NC domain of Gag with F-actin leading to actin recruitment and virion incorporation. Mutational analyses showed that F-actin binding to the NC domain did not require the interaction of this domain with the viral RNA (13, 14) . A role of the NC domain in F-actin recruitment was supported by an investigation of viral budding sites at the surface of HIV-1 and murine leukemia virus (MLV) Gag-expressing HeLa and NIH 3T3 cells by atomic force microscopy (AFM) (15) . That study reported prominent star-shaped structures ("asters") with arm lengths of ϳ0.5 to 2.5 m centered at a subset of budding sites. They were interpreted as structured F-actin assemblies recruited by retroviral Gag. The presence of these asters was dependent on the presumed actin-interacting NC domain of Gag. No such structures were observed when the NC domain was replaced by a dimerizing leucine zipper from the Saccharomyces cerevisiae transcription factor GCN4 [Gag(LZ)] (15). Gag(LZ) expression was shown previously to yield the formation of extracellular VLPs with regular immature morphology, where the LZ domain substitutes for the role of RNA-NC interactions in concentrating and aligning Gag molecules during assembly (16) (17) (18) (19) (20) .
A morphological connection between F-actin and nascent HIV-1 assembly sites was also suggested by our previous cryoelectron tomography (cET) analysis of budding sites at the membrane of HIV-1 Gag-or GagPol-expressing glioblastoma cells (21) . F-actin structures were observed in the close vicinity of most budding sites analyzed and were pointing into the nascent particle in ϳ50% of all cases. Furthermore, tips of actin filaments appeared to be connected with the inner rims of the immature Gag lattice in some cases, suggesting a direct interaction (21) . We have now extended this cET analysis to budding sites of HIV-1 Gag(LZ), which lacks the putative actin interaction domain in NC. No difference regarding an association of budding sites with F-actin networks was observed for budding sites of wild-type Gag or Gag(LZ). Furthermore, actin concentrations were similar in both VLP preparations and were much lower than those in the respective producer cells. These results indicate that putative NCactin interactions do not play a role in actin recruitment to HIV-1 budding sites, and the actin content in the virion may arise from the uptake of cytoplasmic material in general rather than from specific incorporation.
MATERIALS AND METHODS
Plasmids. Adenoviral vectors for HIV-1 Gag (AdGag) and GagPol (AdGagPol) were constructed from Rev-independent expression plasmids (13), using BD Adeno-X Expression System 1 (BD Biosciences Clontech), as described previously (21) . A Rev-independent Gag leucine zipper [Gag(LZ)] coding sequence was constructed by overlap PCR using an MA-CA-SP1-encoding fragment derived from pcDNA3.1synGagPol (22) and an LZ-p6-encoding fragment derived from a chimeric Gag variant containing codons 247 to 280 of the GCN4 leucine zipper in place of NC-SP2(Z wt p6) (16) (forward primer 5=-ACCAACACCGCCACCATCA TGCTGCAGCGTATGAAGCAGCTCGAGG-3= and reverse primer 5=-T ATGGTACCTTATTGTGACGAGGGGTCGTTGCCAAAGAG-3=). The resulting PCR product was ligated into pShuttle2 for transfer into the Adeno-X viral DNA according to the manufacturer's protocol to obtain AdGag(LZ). Plasmids pCHIVunc(LZ) and pCHIVunc (LZ) eGFP are based on the non-replication-competent plasmid pCHIV (23) . A synthetic BstEII-XmaI gene fragment encoding the GCN4 leucine zipper sequence (Geneart AG, Regensburg, Germany) was used to replace the corresponding BstEII-XmaI fragment (encoding the NC region) of the infectious proviral construct pNL43(unc) (24) . From this, non-replication-competent derivatives were generated by cloning an SwaI fragment from pNL4-3unc(LZ) into pCHIV or pCHIV eGFP . Cell culture, transfection, and recombinant adenovirus production. HeLa (25) , HEK293 (26), HEK293T (27) , and U-373 MG (28) cells were grown in Dulbecco's modified Eagle's medium (DMEM). MT-4 cells (29) and primary CD4 ϩ cells were cultured in RPMI 1640 medium. Both media were supplemented with 10% fetal calf serum (FCS; Biochrom), penicillin (100 IU/ml), streptomycin (100 g/ml), and 4 mM glutamine. Peripheral blood mononuclear cells (PBMCs) were purified from buffy coats obtained from healthy blood donors by Ficoll gradient centrifugation according to standard procedures. CD4 ϩ cells were isolated by using negative selection by a magnetically activated cell sorting (MACS) preparation (Miltenyi) according to the manufacturer's instructions. Recombinant adenoviruses were generated by transfection of 5 to 10 g PacIdigested adenoviral plasmids into HEK293 cells plated onto 60-mm culture plates by using FugeneHD transfection reagent (Roche) according to the manufacturer's instructions. Cells were harvested at 10 to 14 days posttransfection. Approximately 50 to 100% of the harvested lysate (primary amplification lysate) was used for successive rounds of infections of HEK293 cells until cytopathic effects were evident within 5 to 6 days postinfection (p.i.). High-titer stocks were produced by infection of HEK293 target cells plated into a T75 flask with either primary amplification lysates or previously generated high-titer stocks. Titers of adenoviral vectors were determined by using the Adeno-X Rapid Titer kit (BD Biosciences Clontech). For all adenovirus transduction experiments, cells were infected with a multiplicity of infection (MOI) of 10 to 20.
Determination of cell volumes. To achieve an accurate comparison of cell volumes between suspension and adherent cells, HEK293T cells were detached from the substrate by trypsinization. Cells were fixed in solution with 3% paraformaldehyde at room temperature, stained with 2 g/ml phalloidin-Atto488 (Invitrogen) for 60 min to label the cell boundaries, washed in phosphate-buffered saline (PBS), and mounted onto coverslips. Spinning-disk confocal microscopy was performed at a magnification of ϫ100 (numerical aperture [NA] ϭ 1.4) with a Z-spacing of 150 nm. Three-dimensional (3D) reconstructions using Volocity 6.0 software were performed for cells displaying a roundish or ellipsoid geometry. From this reconstruction, the ellipsoid volume was calculated.
HIV-1 and VLP purification. HIV-1 was purified from infected MT-4 T cells or HEK293T cells transfected with the proviral plasmid pNL4-3 (30) . Infection of MT-4 cells with HIV-1 strain NL4-3 by coculture and purification of the virus from cell culture supernatant by iodixanol gradient centrifugation were described previously (31) . Immature HIV-1 particles were obtained by adding the HIV-1 protease inhibitor lopinavir (LPV) to a final concentration of 2 M at 6 h after infection or transfection, followed by particle purification as described above. VLPs derived from adenovirus-transduced HEK293T cells were purified according to the same protocol as that used for complete HIV-1.
Immunoblotting and quantitation. U-373 MG cells were seeded onto 6-well plates to a density of 2 ϫ 10 5 cells/well and were incubated for 24 h at 37°C. Cells were transduced with adenoviral vectors as described above, followed by cell lysis and harvesting of cell culture supernatants at 48 h posttransduction (p.t.). Supernatants were clarified by centrifugation and filtered through 0.2-m-pore-size filters, and particles were collected by ultracentrifugation through a 20% (wt/wt) sucrose cushion. Cell lysate and purified virion components were separated by SDS-PAGE (12.5% acrylamide) and transferred onto nitrocellulose membranes, and Gagderived proteins were detected by using polyclonal sheep anti-CA antiserum. Secondary antibodies coupled to Alexa fluorescent dyes were used for detection with an Odyssey infrared imaging system as specified by the manufacturer (Li-Cor Biosciences, Lincoln, NE). For detection of actin, membranes were incubated with a rabbit anti-actin antibody (SigmaAldrich, St. Louis, MO). Amounts of Gag (or CA) antigen and actin were quantified by using standard curves generated from serial dilutions of purified HIV-1 CA (kindly provided by Vanda Lux), HIV-1 Gag (kindly provided by Johnson Mak, Melbourne, Australia), or human F-actin (kindly provided by Rasmus Schröder, Heidelberg, Germany). Standards and samples were always run on the same gel.
Sample preparation for cryo-electron tomography. U-373 MG cells were grown directly on holey carbon film-coated electron microscopy (EM) gold grids (catalog number CF-2/1-2AU; Protochips Inc.). Prior to seeding of the cells, grids were glow discharged for 20 s in a Harrick PDC-002 plasma cleaner and washed in cell culture medium for 1 to 2 h at 37°C. The grids were subsequently placed into a well of a 6-well plate with the carbon film facing up. Cells were seeded typically at a low density (0.8 ϫ 10 5 to 1 ϫ 10 5 cells per well) and grown in low-serum medium (0.5% FCS) to increase cell adhesion and a flat-cell morphology. Transduction with AdGag, AdGagPol, and AdGag(LZ) was performed 4 h after seeding of the cells. At 2 days p.t., samples were plunge-frozen in liquid ethane or a mixture of liquid ethane and propane (67%:33% by volume) (32) after application of 10-nm bovine serum albumin (BSA)-coupled colloidal gold in PBS and blotting of the excess liquid with Whatman no. 1 filter paper.
Data acquisition for cET. Automated ET was performed according to previously described basic principles including the predictive tracking method (33, 34) . Tilt series of plunge-frozen specimens were acquired with an FEI G2 Polara transmission electron microscope operated at 300 keV and equipped with a Gatan GIF 2002 postcolumn energy filter and a 2,048-by-2,048 Multiscan charge-coupled-device (CCD) camera (Gatan, Pleasanton, CA). Data collection was performed with the energy filter operated in zero loss mode and with a 20-eV slit width. Tilt series were typically recorded from Ϫ60°to ϩ60°with an angular increment of 1.5°, a total electron dose of 80 to 120 e Ϫ /Å 2 , and a defocus of Ϫ6 or Ϫ8 m. In some cases, the tilt range could not be fully exploited due to proximity to a grid bar or a thick area on the specimen. Tilt series acquisition was performed by using SerialEM software (33) . Image magnification was set to ϫ18,000, resulting in a pixel size at the specimen level of 7.7 Å for the G2 Polara microscope. The electron dose for a given tilt angle, ␣, was proportional to 1/cos(␣), to compensate for the higher effective specimen thickness at higher tilt angles.
Image processing. Three-dimensional reconstructions from tilt series were calculated by using the weighted back-projection method (35) and IMOD software (36) . Reconstructed volumes were 1ϫ binned and filtered by using the 3D low-pass-filter function of IMOD. Representative computational slices through 3D reconstructions presented here were generated by using Amira software (Visage Imaging).
Subtomogram averaging. Subtomogram averaging analyses were performed as described previously (21) . Subvolumes of 57.73 nm 3 were extracted along the surface of the particles and preoriented normal to the surface. The subtomograms were then iteratively rotationally and translationally aligned against the average. Independent reconstructions were done for each viral particle, and each initial reference was the sum of the subtomograms prior to any alignment. Sixfold symmetry was applied to the average at each iteration. Alignment quality was assessed by using the cross-correlation between the reference and the subtomogram after the alignment. A threshold corresponding to the mean cross-correlation value was set, below which subtomograms were considered to be badly aligned, and these were not included in the final structure. All the analyses were done by using Matlab (Mathworks).
Radius-angle-frequency plots. Radius-angle-frequency (RAF) plots were generated as described previously (37) . The subtomograms extracted for subtomogram averaging were radially aligned and underwent an orthographic radial projection. The focus of the projection was determined as the geometric center of the particle from which the subtomogram was extracted. The resulting volumes corresponded to flattened subtomograms. Two-dimensional (2D) power spectra were calculated at each radius. The rotation autocorrelation function with a rotation range of between 0°and 180°was calculated for each power spectrum. For each subtomogram, this generates a 3D plot with radius on one axis and the other two axes representing those of the rotational autocorrelation function of the power spectrum, namely, angle and frequency. The analyses were done by using Matlab (Mathworks) and IMAGIC (Image Science Software GmbH).
Live-cell total internal reflection fluorescence microscopy and single-virus tracking. HeLa cells were seeded at 1.5 ϫ 10 4 cells/well into 8-well glass-bottom chamber slides (LabTek; Nunc). After 24 h of incubation at 37°C, cells were transfected with equimolar mixtures of either pCHIVunc and pCHIVunc eGFP or pCHIVunc(LZ) and pCHIVunc (LZ) eGFP by using Fugene 6 (Roche) according to the manufacturer's instructions (500 ng DNA/well). At 20 h after transfection, the cells were transferred into imaging buffer (25 mM Na-HEPES [pH 7.4], 137 mM NaCl, 2.7 mM KCl, 1 mM CaCl 2 , 30 mM glucose), and live-cell total internal reflection fluorescence microscopy (TIR-FM) was performed. The microscope setup (Visitron Systems) was described previously (23) . Briefly, TIR-FM was performed by using a Zeiss Axiovert 200M fluorescence microscope equipped with an Alpha Plan Fluar 100ϫ/1.45 oil immersion objective. Image sequences were acquired by Metamorph (Visitron), using a sensitive EM-CCD camera (Cascade II, 512 by 512 pixels; Roper Scientific). Tracking of individual assembly sites was described previously (38, 39) . Briefly, changes in enhanced green fluorescent proteintagged Gag (Gag.eGFP) fluorescence intensity over time were analyzed as a signature for the HIV-1 Gag assembly process. Individual assembly sites were detected and localized by using an automated tracking algorithm based on particle localization using a Gaussian filter. A probabilistic approach was employed for the tracking of individual signals in consecutive frames of the movies (39) . The background-corrected fluorescence intensity of detected particles was fitted to a saturating exponential function to obtain the rate of HIV-1 assembly (38) . Only individual budding sites that remained discernible from neighboring sites throughout the exponential assembly phase were included in the analysis.
RESULTS
Biochemical and structural analysis of Gag(LZ) particles. Analysis of vitrified cells by cET to investigate F-actin in spatial relation to assembling viral buds is restricted to areas where the cell is thinner than 500 nm, presenting a problem for data collection in many cell lines commonly used for EM analyses of HIV-1 budding sites (e.g., HeLa, COS-7, or T-cell lines). To overcome this problem, we took advantage of our previously established system based on the human glioblastoma cell line U-373 MG (21) . This cell line displays an astrocytoid morphology characterized by long cellular protrusions and lamellipodium-like areas that are sufficiently thin for cET. In order to ensure efficient Gag expression in this cell line without cytopathic effects, we employed an adenoviral vectorbased system that allowed transduction efficiencies near 100%. The suitability of this system for the expression of HIV-1 Gag (AdGag) and GagPol (AdGagPol) and analysis of viral structures by cET was demonstrated previously (21) . In order to investigate whether actin filaments commonly found in the vicinity of HIV budding structures in the previous study might be recruited by the putative actin-interacting NC domain, we constructed an adenoviral vector expressing a Gag variant in which the NC-SP2 region was deleted and replaced by a dimerizing leucine zipper (LZ) domain from yeast GCN4 (Fig. 1A) . This replacement has been shown to functionally compensate for the loss of the essential contributions of NC-RNA interactions to Gag multimerization and to allow efficient release of VLPs with immature morphology by thin-section EM (14, 16, 17, 19, 20) .
Transduction of U-373 MG cells with AdGag, AdGagPol, or AdGag(LZ) resulted in the expression of the respective protein and efficient VLP release in all cases (Fig. 1B) . Extracellular particles released from AdGagPol-transduced cells displayed the expected mature Gag processing products, while AdGag-and AdGag(LZ)-derived particles remained unprocessed (Fig. 1B) . Silver-stained gels of velocity gradient-purified particles produced from HEK293T cells that had been transduced with the different adenovirus vectors or transfected with a proviral HIV-1 plasmid in the absence or presence of the specific HIV-1 protease inhibitor lopinavir (LPV) showed the respective Gag or CA proteins as major particle constituents and revealed the purity of the preparations (Fig. 1C) .
The structure of the assembled immature lattice was analyzed by cET of transduced U-373 MG cells and particles released from these cells (Fig. 2) . VLPs produced from AdGag(LZ)-transduced cells were slightly larger than wild-type HIV-1 particles, with an average radius of 82 Ϯ 8 nm (n ϭ 25), compared to radii of 66 nm (21) and 73 nm (40) reported for different preparations of immature HIV-1. Visual inspection of computational slices from tomograms of extracellular VLPs ( Fig. 2A) and HIV-specific budding sites (Fig. 2B) as well as analysis of the average radial density profile of Gag(LZ) particles (Fig. 2C) revealed two layers of density that were common to the immature wild-type and Gag(LZ) lattices: they could be attributed to the membrane/MA and CA layers, respectively. A third layer of density was clearly apparent in the immature wild-type lattice ( Fig. 2A and B , red arrowheads) but appeared to be absent in immature Gag(LZ) shells. This layer was previously assigned to the complex of the NC domain and incorporated RNA (16, 17, 20, 41) , which does not exist in the case of Gag(LZ).
In order to identify the regular hexameric arrangement characteristic of the CA layer of the immature assembled Gag lattice, we performed a radius-angle-frequency (RAF) analysis (37) (Fig.  2D) . This analysis generates a three-dimensional density plot, within which a peak indicates the presence of a regular lattice. The position of the peak reveals the radius, rotational symmetry, and spacing of the lattice. The RAF plot for Gag(LZ) assemblies showed the presence of a regular signal at the radial position of CA with an angle of 60°and a frequency of 6.6 nm, corresponding to a hexagonal lattice with a unit-to-unit spacing of 7.5 nm. The same lattice parameters were previously reported for the immature HIV-1 CA lattice (37) . Subtomogram averaging was performed on released VLPs to obtain a more detailed view of the 3D arrangement of the Gag lattice. A structure of Gag(LZ) VLPs generated by subtomogram averaging confirmed that the arrangement of the CA layer is very similar to that of wild-type immature HIV-1 particles ( Fig. 2E and F) (37) , indicating that replacement of the Cterminal NC-RNA region with a LZ does not significantly alter the formation of the regular CA lattice. Assembly kinetics of Gag(LZ) determined by live-cell microscopy. While Gag lattice formation per se was not affected by the absence of NC-RNA or putative NC-F-actin interactions, they could potentially be relevant for the kinetics of Gag assembly. We therefore determined the assembly kinetics of Gag(LZ) by live-cell microscopy. For this purpose, we took advantage of the fluorescently labeled HIV-1 derivative pCHIV eGFP (23) , harboring an eGFP moiety between the MA and CA domains of Gag. In cells transfected with an equimolar mixture of pCHIV eGFP and its unlabeled counterpart, pCHIV, the formation of individual assembly sites can be traced based on total internal reflection fluorescence microscopy (TIR-FM) image series (38) . Replacing the NC domain of Gag with LZ in the context of the viral genome (rather than in a vector expressing only Gag) would destroy the Gag-Pol translational frameshift signal and alter the overlapping pol reading frame, which could affect assembly kinetics as well. We therefore made use of pCHIVunc eGFP (24) , a variant of pCHIV eGFP in which the gag and pol reading frames are genetically uncoupled. This allows alteration of the 3= region of gag without affecting frameshifting efficiency or the pol open reading frame (ORF) (24) . Replacement of NC by LZ in this context yielded plasmids pCHIVunc(LZ) and pCHIVunc(LZ) eGFP , respectively. HeLa cells were transfected with equimolar mixtures of either pCHIVunc and pCHIVunc eGFP or pCHIVunc(LZ) and pCHIVunc(LZ) eGFP . Individual cells in early stages of assembly site formation were subjected to live-cell TIR-FM at 20 h after transfection, and singlevirus tracing of fluorescent punctae was performed as described previously (38) (Fig. 3B ; see also Movies S1 and S2 in the supplemental material). Kinetic analysis of the early exponential phase of Gag.eGFP accumulation at individual assembly sites confirmed that the assembly rate for the uncoupled construct (k ϭ 0.0057 Ϯ 0.0035 s Ϫ1 ) was similar to that previously determined for wildtype HIV-1 (0.0043 Ϯ 0.00054 s Ϫ1 ) (24) . Analysis of cells expressing fluorescent wild-type Gag or Gag(LZ) revealed the appearance of very similar punctae following exponential kinetics in an early phase of expression in both cases. The assembly rate determined for Gag(LZ) (k ϭ 0.0024 Ϯ 0.002 s Ϫ1 ) was 2-to 3-fold lower than that for the corresponding wild-type construct ( Fig. 3B and C) . Based on visual inspection, numbers of nascent assembly sites per cell were in a similar range for cells expressing the wild-type and LZ constructs. However, Gag(LZ) assemblies gradually coalesced into larger fluorescent patches at later stages of observation ( Fig. 3B ; see also Movie S2 in the supplemental material), while distinct individual assemblies remained in the case of the wild-type constructs throughout the observation period (see Movie S1 in the supplemental material). Pronounced coalescence of individual buds was also not observed in our previous live-cell analyses of HIV-1 assembly (24, 38, 42) . The formation of large fluorescent Gag patches was in agreement with extended electron-dense regions resembling the Gag lattice and found adjacent to or in direct connection with distinct virus budding sites upon cET of U-373 MG cells transduced with AdGag(LZ) (Fig. 4G and H, arrowheads) .
F-actin morphologies at Gag(LZ) budding sites. Ultrastructural characterization of Gag assembly sites at the membrane of U-373 MG cells by cET revealed clearly resolved cellular features such as ribosomes and actin filaments surrounding the viral buds ( Fig. 4A and B) . In our previous report (21), we commonly observed F-actin filaments in close proximity to HIV-1 budding sites, and this was confirmed in the present study ( Fig. 4A and B) . Quantitative analysis of F-actin morphologies at GagPol assembly sites manually distributed into five phenotypic classes revealed budding sites at the side (class i) and tip (class ii) (Fig. 4A ) of F-actin-rich filopodia, together comprising around one-third of all structures analyzed (Fig. 4I) . Most remaining assembly sites were near a dense cortical actin network that was either arranged parallel to the plasma membrane (class iii) or directed toward the bud (class iv) (Fig. 4B) , with the latter class being more common (ϳ50% of all structures analyzed) (Fig. 4I) ; budding sites not adjacent to detectable F-actin (class v) were rare.
Analysis of U-373 MG cells transduced with AdGag(LZ) also revealed typical HIV-1 budding sites and clearly resolved cellular actin filaments (Fig. 4C to F and H) . Again, the majority of buds were associated with densely packed F-actin, with Ͻ15% of all buds not being adjacent to detectable F-actin ( Fig. 4G and I) . HIV-1 buds were detected at the tip (Fig. 4C) or side (Fig. 4E ) of F-actin-rich filopodia and were associated with a dense cortical actin network pointing toward the bud (Fig. 4D ) in ϳ50% of all Gag(LZ) structures analyzed (Fig. 4I) , again similar to the wildtype construct. F-actin filaments extending into the viral bud and sometimes in close proximity to the innermost layer of the Gag shell were detected in the cases of both Gag and Gag(LZ) assemblies ( Fig. 4A and C) , indicating that this phenotype is not dependent on a direct association of F-actin filaments with the NC layer of the immature Gag lattice.
Actin incorporation into VLPs. Actin and actin-interacting proteins have been detected in purified HIV-1 particles by biochemical methods, mass spectrometry, and immuno-EM (6-8).
To determine whether actin incorporation is dependent on the presence of the NC domain in Gag, we performed quantitative analyses of actin incorporation for HIV-1 and VLPs derived from wild-type Gag or Gag(LZ). Particles produced in transfected or transduced HEK293T cells were purified by velocity gradient centrifugation (Fig. 1C) . Wild-type HIV-1 was produced in the presence of an HIV-1 protease inhibitor to obtain immature particles. Particle preparations were subjected to quantitative immunoblotting using defined amounts of purified Gag and actin as standards (Fig. 5) . Visual inspection of the immunoblots indicated no major differences in relative actin incorporation between wild-type HIV-1 and Gag VLPs and between Gag and Gag(LZ) VLPs. Comparison of the signals allowed quantification of the total amount of and plunge-frozen at 48 h p.t. The figure shows computational slices with thicknesses of 2 nm (A, B, D to F, and H), 3 nm (G), and 4.5 nm (C) through representative cryo-electron tomograms exhibiting viral budding sites. The different panels illustrate different F-actin morphologies. Panels B1 and B2, D1 and D2, and G1 and G2, depict the same region at different z positions, as indicated in the figure. Bona fide structure designations are as follows: pm, plasma membrane; b, budding site; ip, immature particle; act, actin. In panel G, two cells (c1 [cell 1] and c2 [cell 2]) are separated by a filopodium (f). Adjacent plasma membranes are indicated (2xpm). White arrowheads in panels G and H indicate electron-dense patches attributed to an extended Gag(LZ) lattice. Bar, 100 nm. (I) F-actin phenotypes associated with Gag assembly sites. Budding sites in cells expressing either Gag/GagPol or Gag(LZ) were assigned to categories i to v, based on the presence and morphology of actin filaments in their vicinity, as previously reported (8) . (i) At the side of actin-rich filopodia; (ii) at the tip of actin-rich filopodia; (iii) cortical F-actin parallel to the plasma membrane; (iv) cortical actin directed toward or protruding into the budding site; (v) not adjacent to filamentous actin. The top panel shows a schematic representation of each category, with the Gag lattice displayed in red, the membrane in blue, and F-actin in black. Numbers below correspond to the occurrence of budding sites for the respective categories. The Gag/GagPol data set includes data from our previously reported analysis (8) .
Gag and actin loaded in each case, from which we calculated the molar ratio of actin to Gag and the number of actin molecules per particle. These values were almost identical for Gag and wild-type HIV-1 and were also very similar for VLPs containing Gag(LZ) (Fig. 5) . Clearly, replacement of the NC domain by a heterologous leucine zipper did not reduce actin incorporation, and NC is thus not required for actin incorporation into HIV-1.
The observed molar ratio of actin to Gag of ϳ1:100 differed substantially from the 1:10 ratio reported previously by others for HIV-1 particles purified from H9 and CEM cells (7) . This discrepancy could not simply be explained by the use of Gag VLPs instead of HIV-1 virions, since we obtained a similarly low ratio for immature HIV-1 analyzed in parallel. The observed discrepancy may reflect differences in actin incorporation depending on the producer cell line, however. We therefore performed comparative experiments using MT-4 cells, HEK293T cells, and CD4-positive primary T cells prepared from human peripheral blood mononuclear cells (PBMCs) from four different donors. First, we determined cell volumes and total actin contents of the different cell types by confocal microscopy and immunoblotting, respectively (Table 1 ). In parallel, we purified HIV-1 particles from these cell types by velocity gradient centrifugation and determined their respective actin and CA contents. The calculated intracellular actin concentrations were roughly 3-fold higher in primary CD4 ϩ T cells from each of the four donors than in the two cell lines analyzed. The higher actin concentration in primary T cells corresponded with a higher actin amount in HIV-1 particles produced from these cells. HIV-1 from primary CD4 ϩ T cells exhibited an actin/Gag molar ratio of ϳ1:20, in contrast to the 1:100 ratio determined for particles from HEK293T cells and the 1:200 ratio determined for particles from MT-4 cells (Table 1) . These observations indicate that the producer cell type can influence actin incorporation into HIV-1. Importantly, the actin concentration determined for cells was substantially (3-to 10-fold) higher than that observed for the corresponding virus particles in all three cell types (Table 1) . While we are aware that calculating "average" actin concentrations over the total cell volume, disregarding both the oligomeric status of the protein and its subcellular distribution, represents an oversimplification, these results do not suggest actin enrichment in HIV-1 particles.
DISCUSSION
In this study, we analyzed the potential role of the NC domain in Gag in actin incorporation into HIV-1 particles and in the recruitment of F-actin to HIV-1 buds or reorganization of the cortical actin network. Our results suggest that these processes are independent of NC, and the reported NC-actin interaction does not appear to play a role in HIV-1 assembly. Furthermore, actin was not enriched in HIV-1 particles compared to producer cells, and results reported in the companion article (43) suggest that disruption of the F-actin network does not influence HIV-1 assembly rates. The combined results indicate that actin and its putative interaction with the NC domain do not have a major function in HIV-1 assembly.
Similar to previous studies (16) (17) (18) (19) (20) , we observed the efficient release of Gag(LZ) particles with immature morphology from both HEK293T and U-373 MG cells. The Gag lattice in the CA region of the Gag(LZ) VLPs was indistinguishable from that observed in wild-type VLPs or immature HIV-1. Thus, NC-RNA interactions or the presence of the NC domain is not required for formation of the immature Gag lattice, and altering the interaction domain below CA does not have a significant effect on the CA arrangement. Furthermore, assembly rates were only moderately reduced for Gag(LZ) compared to wild-type Gag. Although HIV-1 preparations generally show considerable size heterogeneity, the observed average radius of 82 Ϯ 8 nm for Gag(LZ) VLPs is larger than that previously observed for wild-type HIV-1 (21, 40) . This larger size may be caused by a reduced tendency of the altered Gag protein to form a curved lattice (or an increased tendency to form a flat lattice). Aberrant large particles with a flat Gag lattice Particles were harvested by ultracentrifugation through a sucrose cushion and purified on velocity gradients. The indicated amounts of Optiprep-purified particles or quantified standards for Gag or actin were analyzed by SDS-PAGE and transferred onto a polyvinylidene difluoride membrane. Gag-derived proteins or actin was detected by immunoblotting using polyclonal rabbit antiserum against CA (top) or against human actin (bottom), respectively. Positions of molecular mass standards are indicated to the left. In order to compensate for different detection sensitivities, larger amounts of particle samples were loaded in the case of actin detection, as indicated below the blot. Amounts of Gag and actin were calculated based on signal intensities relative to the standards, yielding molar ratios for Gag and actin. Based on these data and assuming an average number of 2,400 Gag molecules per particle (52), the number of actin molecules per particle was calculated. Our results confirmed the presence of actin in HIV-1 and VLPs, but the ratio of actin to Gag was lower than that previously reported. Quantitative immunoblotting indicated the presence of 10 to 40 actin molecules per virion produced from established cell lines. This number corresponds to a ratio of actin to Gag of 1:60 to 1:200, much lower than the previously reported ratio of 1:10 (7). The highest number of actin molecules (ϳ125 per particle) was observed for HIV-1 produced in primary T cells, where the ratio of actin to Gag was ϳ1:20 and thus more similar to the previous report. However, these primary cells also exhibited a 3-fold-higher intracellular concentration of actin, and the amount of actin per virion correlated with the intracellular actin concentration for the different cell types. Given the presence of cortical actin in most cell types, one may assume that the local actin density at the plasma membrane is considerably higher than its average concentration in the cell. In contrast, actin concentrations in viral particles were much lower than the overall cellular concentration of actin, even for virus derived from primary T cells. These results do not exclude the possibility of active recruitment, but we consider it more likely that actin enters HIV-1 by passive incorporation as part of cytoplasmic material that is taken from the cell upon virus budding. This hypothesis is supported by the detection of many cytosolic proteins, including metabolic enzymes and heat shock proteins, in proteomic analyses of HIV-1 particles (see reference 47 and references therein; 48). While the incorporation of cellular proteins is generally discussed to be caused by their specific interaction with viral constituents and to be of functional importance (49) , it is equally possible that HIV-1 incorporates cellular proteins, which are present in the membrane and in the confined cytosolic space at the assembly site and which are not excluded from the virion. Independent of the question of active or passive incorporation, NC or the presumed NC-actin interaction is clearly not important for actin incorporation into HIV-1 since Gag(LZ) particles contained similar amounts of actin as wild-type particles.
The observation of dense F-actin networks in the close vicinity of and often pointing toward viral buds in our cET study (21) as well as the AFM results showing asters at HIV-1 budding sites presumed to represent F-actin cables (15) suggested an active involvement of F-actin in HIV-1 assembly and/or release. Moreover, Gladnikoff et al. (15) reported that these asters were dependent on the presence of the NC domain in Gag and were not observed for Gag(LZ). Applying cET, we observed no difference in the presence or orientation of dense cortical F-actin in the vicinity of HIV-1 buds between wild-type Gag and Gag(LZ). Many buds were detected in regions with actin filaments pointing toward and sometimes extending into the viral bud. In some instances, these actin bundles were found in close proximity to the innermost density of the immature Gag lattice, but this was again not dependent on the NC domain (Fig. 4) . The relative density of the F-actin network may have been biased by selecting flat cellular protrusions with dense cortical actin, which are accessible for cET and are thus overrepresented in the data sets. However, cells are also flat at the posterior end, where the actin meshwork is much less dense. The results of the companion paper (43) indicate that disruption of the F-actin network does not affect HIV-1 assembly rates, and the present study shows that NC-actin interactions are not needed for assembly or release and that actin is not enriched in the virion. The combined results argue against an important role for F-actin in HIV-1 assembly and show that the putative NCactin interaction is not required for assembly. Our observations do not exclude a role of actin in processes prior or subsequent to particle assembly (i.e., intracellular trafficking or release), but the NC domain and its interaction with actin are clearly not needed for these processes either. The cortical actin network has been shown to be essential for organizing the virological synapse and for cell-to-cell transmission of HIV-1, however (50, 51) , and it will be interesting to determine a potential contribution of the NCactin interaction to synapse formation and cell-to-cell transmission in the future.
